INTRODUCTION
The estimation and use of recovery is an area where practice differs among analytical chemists. The variations in practice are most obvious in the determination of analytes such as veterinary drug residues and pesticide residues in complex matrices, such as foodstuffs and in environmental analysis. Typically, such methods of analysis rely on transferring the analyte from the complex matrix into a much simpler solution that is used to present the analyte for instrumental determination. However, the transfer procedure results in loss of analyte. Quite commonly in such procedures a substantial proportion of the analyte remains in the matrix after extraction, so that the transfer is incomplete, and the subsequent measurement gives a value lower than the true concentration in the original test material. If no compensation for these losses is made, significantly discrepant results may be obtained by different laboratories. Even greater discrepancies arise if some laboratories compensate for losses and others do not.
Recovery studies are clearly an essential component of the validation and use of all analytical methods. It is important that all concerned with the production and interpretation of analytical results are aware of the problems and the basis on which the result is being reported. At present, however, there is no single well-defined approach to estimating, expressing and applying recovery information. The most important inconsistency in analytical practice concerns the correction of a raw measurement, which can (in principle) eliminate the low bias due to loss of analyte. The difficulties involved in reliably estimating the correction factor deter practitioners in some sectors of analysis from applying such corrections.
In the absence of consistent strategies for the estimation and use of recovery information, it is difficult to make valid comparisons between results produced in different laboratories or to verify the suitability of those data for the intended purpose. This lack of transparency can have important consequences in the interpretation of data. For example in the context of enforcement analysis, the difference between applying or not applying a correction factor to analytical data can mean, respectively, that a legislative limit is exceeded or that a result is in compliance with the limit. Thus, where an estimate of the true concentration is required, there is a compelling case for compensation for losses in the calculation of reported analytical result.
These Guidelines provide a conceptual framework for consistent decisions on the estimation and use of recovery information in the various sectors of analytical science.
DEFINITIONS AND TERMINOLOGY USED IN THE GUIDELINES
General analytical terminology is assumed to be accepted when these Guidelines are read, but specific definitions of the terms most pertinent to the Guidelines are given below:
Recovery: Proportion of the amount of analyte, present in or added to the analytical portion of the test material, which is extracted and presented for measurement.
Surrogate: Pure compound or element added to the test material, the chemical and physical behaviour of which is taken to be representative of the native analyte.
Surrogate recovery: Recovery of a pure compound or element specifically added to the test portion or test material as a spike. (Sometimes called 'marginal recovery'.)
Native analyte: Analyte incorporated into the test material by natural processes and manufacturing procedures (sometimes called 'incurred analyte'). Native analyte includes 'incurred analyte' and 'incurred residue' as recognised in some sectors of the Analytical Community. It is so defined to distinguish it from analyte added during the analytical procedure.
Empirical method of analysis:
A method that determines a value which can be arrived at only in terms of the method per se and serves by definition as the only method for establishing the measurand. (Sometimes called 'defining method of analysis'.)
Rational method of analysis:
A method that determines an identifiable chemical(s) or analytes(s) for which there may be several equivalent methods of analysis available.
PROCEDURES FOR ASSESSING RECOVERY

Recovery information from matrix reference materials
In principle, recoveries could be estimated by the analysis of matrix reference materials. The recovery is the ratio of the concentration of analyte found to that stated to be present. Results obtained on test materials of the same matrix could, in principle, be corrected for recovery on the basis of the recovery found for the reference material. However, several problems potentially beset this use of the reference materials, namely: (a) the validity of any such recovery estimate depends on the premise that the analytical method is otherwise unbiased; (b) the range of appropriate matrix reference materials available Guidelines for the use of recovery information in analytical measurement is limited; and (c) there may be a matrix mismatch between the test material and the most appropriate reference material available.
In the last instance the recovery value obtained from the reference material would not be strictly applicable to the test material. The shortfall applies especially in sectors such as foodstuffs analysis where reference materials have to be finely powdered and dried to ensure homogeneity and stability. Such treatment is likely to affect the recovery in comparison with that pertaining to fresh foods of the same kind. However, matrix mismatch is a general problem in the application of recovery information, and is treated separately in Section 3.3.
Recovery information from surrogates
Where (certified) reference materials are unavailable, the recovery of analyte can be estimated by studying the recovery of an added compound or element that is regarded as a surrogate for the native analyte. The degree to which this surrogate is transferred into the measurement phase is estimated separately and this recovery can, if appropriate, be attributed also to the native analyte. This procedure in principle allows the loss of analyte to be corrected, and an unbiased estimate of the concentration of the native analyte in the original matrix to be made. Such a 'correction-for-recovery' methodology is implicit or explicit in several distinct methods of analysis and must be regarded as a valid procedure if it can be shown to be properly executed.
In order for this procedure to be valid the surrogate must behave quantitatively in the same way as analyte that is native in the matrix, especially in regard to its partition between the various phases. In practice that equivalence is often difficult to demonstrate and certain assumptions have to be made. The nature of these assumptions can be seen by considering the various types of surrogate that are used.
Isotope dilution
The best type of surrogate is an isotopically modified version of the analyte which is used in an isotope dilution approach. The chemical properties of the surrogate are identical with, or very close to, those of the native analyte and, so long as the added analyte and the native analyte come to effective equilibrium, its recovery will be the same as that of the analyte. In isotope dilution methods the recovery of the surrogate can be estimated separately by mass spectrometry, or by radiometric measurement if a radioisotope has been used, and validly applied to the native analyte. The achievement of effective equilibrium is not always easy, however.
In some chemical systems, for example in the determination of trace metals in organic matter, the native analyte and the surrogate can be readily converted into the same chemical form by the application of vigorous reagents that destroy the matrix. This treatment converts organically bound metal into simple ions that are in effective equilibrium with the surrogate. Such a simple procedure is usually effective in the determination of trace elements, but might not apply to a pesticide residue. In the latter instance the analyte may be in part chemically bound to the matrix. Vigorous chemical reagents could not be used to release the analyte without the danger of destroying it. The native analyte and surrogate cannot come into effective equilibrium. The recovery of the surrogate is therefore likely to be greater than that of the native analyte. Thus even for this best type of surrogate, a bias in an estimated recovery may arise. Moreover, the application of the isotope dilution approach is limited by the availability and cost of isotopically enriched analytes.
Spiking
A less costly expedient, and one very commonly applied, is to estimate in a separate experiment the recovery of the analyte added as a spike. If a matrix blank (a specimen of the matrix containing effectively none of the analyte) is available the analyte can be spiked into that and its recovery determined after application of the normal analytical procedure. If no matrix blank is available, the spike can be added to an ordinary test portion that is analysed alongside an unspiked test portion. The difference between these two results is the recovered part of the added analyte, which can be compared with the known amount added. This type of recovery estimate is called here the 'surrogate recovery' (the added analyte acts as a surrogate for the native analyte). It is analogous to the method of standard additions. It suffers from the same problem as that encountered with isotopically modified analyte, namely that added analyte may not come to effective equilibrium with the native analyte. If the added analyte is not so firmly bound to the matrix as the native analyte, the surrogate recovery will tend to be high in relation to that of the native analyte. That circumstance would lead to a negative bias in a corrected analytical result.
Internal standards
A third type of surrogate used for recovery estimation is the internal standard. When internal standardisation is used in recovery experiments the surrogate is an entity chemically distinct from the analytes, and therefore will not have identical chemical properties. However, it will normally be selected so as to be closely related chemically to the analytes, thus representing their chemical behaviour to the highest degree practicable. The internal standard would be used, for example, in recovery estimation where numerous analytes are to be determined in the same matrix and marginal recovery experiments would be impracticable for each of them individually. The question of practicability goes beyond the costs of handling numerous analytes: some analytes (for example, new veterinary residues, or metabolites) may not be available as pure substances. While it may be the most cost-effective expedient in some circumstances, the internal standard at best is technically less satisfactory than the spike as a surrogate, because its chemical properties are not identical with those of the analytes. Biases in both directions could result from the use of a recovery estimate based on an internal standard. Internal standards may also be used for other purposes.
Matrix mismatch
Matrix mismatch occurs when a recovery value is estimated for one matrix and applied to another. The effect of matrix mismatch would be manifested as a bias in the recovery in addition to those considered above. The effect is likely to be most serious when the two matrices differ considerably in their chemical nature. However, even when the matrices are reasonably well matched (say two different species of vegetable) or nominally identical (for example, two different specimens of bovine liver), the analytical chemist may be forced to make the unsubstantiated assumption that the recovery is still appropriate. This would clearly increase the uncertainty in the recovery and in a recovery-corrected result. Matrix mismatch can be avoided in principle by a recovery experiment (for example, by spiking) for each separate test material analysed. However, such an approach will often be impracticable on a cost-benefit basis so a representative test material in each analytical run is used to determine the recovery.
Concentration of analyte
The recovery of the surrogate or the native analyte has up to this point been treated as if it were independent of its concentration. This is unlikely to be strictly true at low concentrations. For instance a proportion of the analyte may be unrecoverable by virtue of irreversible adsorption on surfaces. However, once the adsorption sites are all occupied, which would occur at a particular concentration of analyte, no further loss is likely at higher concentrations. Hence the recovery would not be proportional to concentration. Circumstances like this should be investigated during the validation of an analytical method, but a complete study may be too time-consuming for ad hoc use.
SHOULD RECOVERY INFORMATION BE USED TO CORRECT MEASUREMENTS?
Seemingly a strong case can be made either for correcting results for recovery or for leaving them uncorrected. Regardless of these explicit arguments, however, analytical chemists are often obliged to comply with normal practice or documented procedure in their application area. The arguments listed here are not necessarily correct in every circumstance.
Arguments for correction
X
The purpose of analytical science is to obtain an estimate of the true concentration of the native analyte with an uncertainty that is fit for purpose.
The true concentration can be estimated only if significantly low recoveries of analyte are corrected.
Guidelines for the use of recovery information in analytical measurement X An uncorrected bias due to low recovery means that results will not be universally comparable, not transferable and therefore unfit to support mutual recognition.
Methods of correction advocated are isomorphic with perfectly acceptable analytical techniques such as internal standardisation and isotope dilution and therefore not suspect in principle.
Although some uncertainty is inevitably associated with correction factors, that uncertainty can be estimated and incorporated into a combined uncertainty for the final result.
Arguments against correction
X
Estimated recoveries based on a surrogate may be higher than the corresponding value for the native analyte. The resultant corrected result would still have a negative bias.
Estimated correction factors may be of doubtful applicability because they may vary among different matrices and for different concentrations of analyte. X Estimated correction factors often have a high relative uncertainty, whereas uncorrected results usually have the smaller relative uncertainty associated with volumetric and instrumental measurement alone. (However, the uncertainty is small only if no contribution from the bias is included). Therefore corrected results will have a high relative uncertainty, sufficiently high if made explicit to create an unfavourable impression among those unfamiliar with the problems of analysis. This in turn might affect the credibility of science in the enforcement of legislation.
Relatively small deviations from unity in correction factors could arise largely through random errors rather than a systematic loss of analyte. In that circumstance correction could make the absolute uncertainty of the result greater. X Some legislation imposing maximum limits on contaminants is framed on the understanding that uncorrected results will be used for enforcement purposes.
Rational and empirical methods
Analytical measurements generally strive to estimate the measurand, that is, the true value of the concentration of the analyte, with an uncertainty that is fit for purpose. It is only on that basis that results can be completely comparable. However, it must be recognised that this instance applies equally to 'rational' and 'empirical' methods of analysis [5] . In a rational method the measurand is the total concentration of the analyte in the test material. In an empirical method the measurand is the concentration of the 'analyte' that can be measured in the test material by the specific procedure applied, and the result is traceable to the method. Therefore, if the method is regarded as empirical, the concentration measured is necessarily close* to the true value. In that case the measurand is the concentration of the 'extractable' analyte.
(*Close, but not identical with the true value. Different laboratories may execute the protocol slightly differently, introducing systematic error, and there is also a repeatability (random) error contribution.)
However, regarding methods as empirical does not in itself cause results to comply with the requirement of equivalence. Empirical results will be 'equivalent' throughout a particular analytical sector only where a single method protocol (rather than a family of similar protocols) is in use for a particular determination. In some sectors, where methods have stabilised or are specified in regulations, such a single empirical method protocol will be widely used. However, in many sectors the methodology is subject to continuous evolution and single protocols are not available. In such circumstances only recovery-corrected results would be equivalent.
ESTIMATION OF RECOVERY
There is no generally applicable procedure for estimating recovery that is free from shortcomings. However, it is possible to conduct a 'thought experiment' in which an ideal procedure is used. This provides a reference point for real procedures. In this ideal procedure a definitive analytical method is available: the analyte can be determined by a method that is completely unbiased with no recovery losses. The method is too resource-intensive for use in routine analysis, but there is an alternative routine method with imperfect recovery. The recovery obtained in the routine method is estimated by using both methods to analyse a large set of typical test materials, a set that covers the required range of matrices and analyte concentrations. This gives the recovery (and its uncertainty) for the routine method for any conceivable situation.
In practice there may be no such definitive method available for reference, so reference materials or surrogate studies have to be used for the estimation of recovery. However, reference materials are few, and lack of resources restricts the range of test materials that can be used to estimate recovery by using surrogates. Additionally, the use of surrogates in itself adds an uncertainty to a recovery estimate because it may not be possible to determine whether some proportion of the native analyte is covalently or otherwise strongly bound to the matrix and hence not recoverable.
A strategy commonly employed to handle this problem is to estimate recovery during the process of method validation. Recoveries are determined over as wide a range of pertinent matrices and analyte concentrations as resources allow. These values are then held to apply during subsequent use of the analytical method. To justify that assumption, all routine runs of the method must contain a reference material (or spiked samples) to act as internal quality control. This helps to ensure that the analytical system does not change in any significant way that would invalidate the original estimates of the recovery.
The following points are therefore suggested as requiring consideration, even if lack of resources prevents their complete execution in practice.
Representative recovery studies
The entire range of matrix types for which the method will be applied should be available for the method validation. Moreover, several examples of each type should be used to estimate normal range of recoveries (the uncertainty) for that matrix type. If it is likely that the history of the material will affect the recovery of the analyte (for example, the technical processing or cooking of foodstuffs), then examples at different stages of the processing should be procured. If this range cannot be encompassed in the validation, there will be an extra uncertainty associated with the matrix mismatch in the use of the recovery. That uncertainty may have to be estimated from experience.
An appropriate range of analyte concentrations should be investigated where that is technically and financially possible, because the recovery of the analyte may be concentration-dependent. Consider adding an analyte to a matrix at several different levels. At very low levels the analyte may be largely chemisorbed at a limited number of sites on the matrix, or irreversible adsorbed onto surfaces of the analytical vessels. Recovery at this concentration level might be close to zero. At a somewhat higher level, where the analyte is in excess of that so adsorbed, the recovery will be partial. At considerably higher concentrations, where the adsorbed analyte is only a small fraction of the total analyte, the recovery may be effectively complete. The analytical chemist may need to have information about recovery over all of these concentration ranges. In default of complete coverage, it may be suitable to estimate recovery at some critical level of analyte concentration, for example at a regulatory limit. Values at other levels would have to estimated by experience, again with an additional uncertainty.
When spiking is applied to a matrix blank then the whole range of concentrations can be conveniently considered. When the concentration of the native analyte is appreciable the spike added should be at least as great, to avoid incurring a relatively large uncertainty in the surrogate recovery.
Internal quality control
The principles and application of internal quality control (IQC) are described elsewhere [3] . The purpose of IQC is to ensure that the performance of the analytical system remains effectively unchanged during its use. The concept of statistical control is crucial in IQC applied to routine analysis (as opposed to ad hoc analysis). When applied to recovery, IQC has some special features that have to be taken into account. This IQC of recovery can be addressed in two distinct ways, depending on the type of control material that is used.
(a) A matrix-matched reference material can be used as a control material. The recovery for this material and an initial estimate of its between-run variability are determined at the time of method validation.
Guidelines for the use of recovery information in analytical measurement
In subsequent routine runs the material is analysed exactly as if it were a normal test material, and its value plotted on a control chart (or the mathematical equivalent). If the result for a run is in control, then the validation-time estimate of the recovery is taken as valid for the run. If the result is out of control, further investigation is required, which may entail the rejection of the results of the run or possibly a re-investigation of the recovery. It may be necessary to use several control materials, depending on the length of the run, the analyte concentration range, etc.
(b) Spiked materials can also be used for quality control. As usual, initial estimates of the average recovery and its between-run variability are made during method validation, and are used to set up a control chart. Either of two variant approaches can be used in routine analysis, depending on the stability of the material: (a) a single long-term control material (or several such materials) can be prepared for use in each routine run, or (b) all, or a random selection, of the test materials for the run can be spiked. In either instance the surrogate recovery is plotted on a control chart. While the recovery remains in control it can be deemed to apply to the test materials generally. Of the two alternative methods, the latter (involving the actual test materials) is probably the more representative, but also the more demanding. There is a tendency for the role of IQC to be confused with the simple estimation of recovery (where deemed appropriate). It is better to regard IQC results solely as a means of checking that the analytical process remains in control. The recovery estimated at method validation time are usually more accurate for application to subsequent in-control runs, because more time can be spent on studying their typical levels and variability. If real-time spiking is used to correct for recovery, this is more like a species of calibration by standard additions.
UNCERTAINTY IN REPORTING RECOVERY
Uncertainty is a key concept in formulating an approach to the estimation and use of recovery information. Although there are substantive practical points in the estimation of uncertainty that (at the time of writing) remain to be settled, the principle of uncertainty is an invaluable tool in conceptualising recovery issues. A definition of uncertainty, key references and an extended discussion are given in the Appendix.
When loss of analyte occurs in an analytical procedure, two uncertainties need to be separately considered. First, there is the uncertainty u x associated only with the determination, namely that due to gravimetric, volumetric, instrumental, and calibration errors. That relative uncertainty u x /x will be low unless the concentration of the analyte is close to the detection limit. Second, there is the uncertainty u R on the estimated recovery R. Here the relative uncertainty u R /R is likely to be somewhat greater. If the raw result is corrected for recovery, we have x corr ¼ x/R (i.e. the correction factor is 1/R). The relative 1 Incomplete definition of the measurand (for example, failing to specify the exact form of the analyte being determined). 2 Sampling-the sample measured may not represent the defined measurand. 3 Incomplete extraction and/or preconcentration of the measurand, contamination of the measurement sample, interferences and matrix effects. 4 Inadequate knowledge of the effects of environmental conditions on the measurement procedure or imperfect measurement of environmental conditions. 5 Cross contamination or contamination of reagents or blanks. 6 Personal bias in reading analogue instruments. 7 Uncertainty of weights and volumetric equipment. 8 Instrument resolution or discrimination threshold. 9 Values assigned to measurement standards and reference materials. 10 Values of constants and other parameters obtained from external sources and used in the data reduction algorithm. 11 Approximations and assumptions incorporated in the measurement method and procedure. 12 Variations in repeated observations of the measurand under apparently identical conditions. uncertainty on x corr is given by
which is necessarily greater than u x /x and may be considerably greater. Hence correction for recovery seems at first sight to degrade, perhaps substantially, the reliability of the measurement.
Such a perception is incorrect. Only if the method is regarded as empirical (and this has drawbacks in relation to comparability as seen above) is u x the appropriate uncertainty. If the method were taken as rational, and the bias due to loss of analyte were not corrected, a realistic estimate of uncertainty u x 0 would have to include a term describing the bias. Hence u x 0 /x would be at least comparable with, and may be even greater than, u corr /x corr .
This topic is developed in more detail in the Appendix.
Estimating uncertainty in a recovery
The approaches to the estimation of the uncertainty of a recovery provided here are necessarily tentative, and may be expected to be rapidly superseded as detailed studies become available. The important principles are as follows.
(a) The recovery and its standard uncertainty may both depend on the concentration of the analyte. This may entail studies at several concentration levels. Subsequent comments in this section apply to a single level of concentration.
(b) The main recovery study should involve the whole range of matrices that are included in the category for which the method is being validated. If the category is strict (e.g. bovine liver) a number of different specimens of that type should be studied so as to represent variations likely to be encountered in practice (e.g. sex, age, breed, duration of storage, etc.). Probably a minimum of 10 diverse matrices are required for recovery estimation. The standard deviation of the recovery over these matrices is taken as the main part of the standard uncertainty of the recovery.
(c) If there are grounds to suspect that a proportion of the native analyte is not extracted, then a recovery estimated by a surrogate will be biased. That bias should be estimated together with its contribution to the uncertainty budget.
(d) If a method is used outside the matrix scope of its validation, there is a matrix mismatch between the recovery experiments at validation time and the test material at analysis time. This could result in extra uncertainty in the recovery value. There may be problems in estimating this extra uncertainty. It would probably be preferable to estimate the recovery in the new matrix, and its uncertainty, in a separate experiment.
CONCLUSIONS
Variable practice in handling information recovery is an important cause of the nonequivalence of data. To mitigate its effects the practice of reporting analytical data after the application of an appropriate correction factor normally should be encouraged. Where, however, an enforcement limit is based on data that has not had a correction factor applied, the present situation of reporting 'raw' data will continue for the foreseeable future. Detailed descriptions of recovery experiments and their results should be properly recorded. If it is known or suspected that a proportion of the native analyte in the test material is not extractable by the analytical procedure, the procedure must be qualified as determining only 'available' analyte. Such qualification should be specified on analytical certificates. No valid compensation can be made, or should be attempted, for the 'bound' analyte, which a recovery model does not represent.
It should be recognised that there is a dual role for recovery determinations in analytical measurement, that is, for (a) quality control purposes and (b) for deriving recovery values. In the latter application, more extensive and detailed data are required.
Guidelines for the use of recovery information in analytical measurement RECOMMENDATIONS † ( † IUPAC, ISO and EURACHEM embrace the scientific principles and recommendations of these Guidelines. AOAC INTERNATIONAL embraces the scientific principles but does not agree that analytical results should be corrected for recovery as a general policy.)
The following recommendations are made regarding the use of recovery information in these Guidelines:
1 Quantitative analytical results should be corrected for recovery unless there are specific reasons for not doing so. Reasons for not estimating or using correction factors include the situations where: (a) the analytical method is regarded as empirical, (b) a contractual or statutory limit has been established using uncorrected data, or (c) recoveries are known to be close to unity. However, it is of over-riding importance that all data, when reported, should (a) be clearly identified as to whether or not a recovery correction has been applied and (b) if a recovery correction has been applied, the amount of the correction and the method by which it was derived should be included with the report. This will promote direct comparability of data sets. Correction functions should be established on the basis of appropriate statistical considerations, documented, archived and available to the client.
the half width of an interval having a stated level of confidence'. The ISO Guide recommends that this parameter should be reported as either a standard uncertainty, denoted u, defined as the 'uncertainty of the result of a measurement expressed as standard deviation' or as an expanded uncertainty, denoted U, defined as 'a quantity defining an interval about the result of a measurement that may be expected to encompass a large fraction of the distribution of values that could be attributed to the measurand'. The expanded uncertainty is obtained by multiplying the standard uncertainty by a coverage factor, which in practice is typically in the range 2-3.
Definition of the measurand
Clear definition of the measurand is crucial to uncertainty estimation and to the relevance or otherwise of recovery values. The most important issue here is whether the measurand is the amount of material actually present in the sample matrix (a rational method), or the response to a reproducible but otherwise essentially arbitrary procedure established for comparative purposes (an empirical method).
Recovery and uncertainty
The In a perfect separation R would be exactly unity. In reality, circumstances such as imperfect extraction often give observations that differ from the ideal. It is therefore good practice in validating an analytical method to estimate a recovery R for the analytical system. In such experiments, the recovery can be tested for significant departure from unity. Such a test considers the question 'is jR -1j greater than u R , the uncertainty in the determination of R?', at some level of confidence. Table 2 gives some sources of the uncertainty in measured recovery. The experimenter then performs a significance test of the form jR ¹ 1j=u R > t : R differs significantly from 1 jR ¹ 1j=u R Յ t : R does not differ significantly from 1 where t is a critical value based either on a 'coverage factor' allowing for practical significance or, where the test is entirely statistical, t (␣/2, n-1) , being the relevant value of Student's t for a level of confidence 1 -␣. Following such an experiment, four cases can be distinguished, chiefly differentiated by the use made of the recovery R. The uncertainty may be handled in each of the cases above as follows.
(a) R not significantly different from 1. The experiment has detected no reason to adjust subsequent results for recovery. It might be thought that the uncertainty in the recovery is unimportant. However, the experiment could not have distinguished a range of recoveries between 1 ¹ ku R and 1 þ ku R . It follows that there is still uncertainty about the recovery that should be taken into account in calculating the overall uncertainty. (An alternative view is that a correction factor of R ¼ 1 is implicitly applied, but the experimenter is uncertain that the value is exactly unity). u R is therefore to be included in the uncertainty budget. However, it must not be included twice: uncertainty of recovery will often be included automatically in estimates of precision.
(b) R differs from 1 and a correction is applied. Since R is explicitly included in the calculation of the corrected result (i.e. c corr ¼ c/R, where c is the raw result with an uncertainty u c ) it is clear that u R must be included in the uncertainty budget. This leads to a combined uncertainty u corr on the corrected result given by
u corr would be multiplied by k (usually 2) to obtain the expanded uncertainty U.
(c) R differs from 1 and no correction is applied. Failure to apply a correction for a known systematic effect in a rational method is inconsistent with obtaining the best possible estimate of the measurand. It is less straightforward in this case to take recovery into account in calculating the overall uncertainty. If R is substantially different from unity, the dispersion of values that includes the measurand is not properly represented unless the uncertainty u R is substantially increased. A simple and pragmatic approach that is sometimes adopted, when a correction b for a known systematic effect has not been applied, is to increase the expanded uncertainty on the final result to (U c þ b) where U c is calculated assuming b is zero. For recovery therefore U ¼ U c þ (c/R -c). This procedure gives a pessimistic overall uncertainty, and departs from the ISO-recommended principle of treating all uncertainties as standard deviations.
Alternatively, if the correction for recovery is not applied because the analyst's judgement is that the difference is not meaningful in normal use, case (c) may be treated in the same way as case (a) after increasing u R because the significance test should have used a value larger than u R . This amounts to estimating u R as j1 -Rj/t where t is the critical value used in the significance test. This amplified uncertainty on the recovery should be included as in case (b). This will normally only be significant where u R is comparable with or greater than j1 -Rj.
While either method will provide an estimate of uncertainty, both methods have similar drawbacks arising from the failure to correct the result to give a best estimate of the measurand. Both lead to overstatement of the uncertainty, and the range quoted around the result will include the measurand only near one extreme (usually the upper end), with the remainder of the range unlikely to contain the value with significant probability.
For recoveries of the order of 70%, the additional uncertainty contribution (before applying a coverage factor) will be close to 20% of the result. This is clearly not unreasonable given the size of recovery correction being ignored, but it does point strongly to the consequences for reported uncertainty of neglecting a substantial recovery correction.
There is therefore a clear choice if the customer is not to be misled by a result from a putative rational method. Either the recovery must be corrected or a substantially greater uncertainty must be quoted.
Finally, it should be noted that the foregoing discussion relates to the situation where a result and its uncertainty are obtained on a real scale and reported as such. The instance where an analyst provides an interpretation of a result (for example by stating that the value is 'not less than') has not been considered. In this kind of interpretation, the analyst's professional knowledge of the recovery and overall experimental uncertainty will be taken into account in the interpretation, and accordingly neither the recovery nor an uncertainty need necessarily be reported.
